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ABSTRACT

A study on a clean tungsten (110) surface of the angular and
energy dependence of electron scattering by plasmons near 100 eV
shows well defined diffracted beams of inelastic electronms. .The
positions of these beams reiativehéo diffractéd eléstic beéms‘sug-
gests that plasmon scattering and diffraction are not independent.
Intensity vs. voltage maxima for thé inelastic beams agree in most
cases with those for corresponding elastic beams, although some
differences are apparent. fossible'application of results include
studies of electron-plasmon interaction phenomena and additional

information on LEED interpretations. .
INTRODUCTION

The study of electron scattering'ﬁy plasmons at low energies ordi-
narily requires diffraction or an intervening scattering event to return the
electrons from the sample for observation. In addition to information on
inelastic interactions, such multiple processes may alﬁo provide a useful
adjunct to elastic scattering in studies of the diffraction proceé; ifself.
érevious worklfa on the distribution of low énergy electrons inelastically

scattered from single-crystal surfaces indicates that diffraction plays a
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significant role. These measurements were generally limited to the immedi*
ate neighborhood of a few elastic diffraction maxima, where intense inelas;
tic scattering with a relatively wide distribution of energy is commonly
observed. In the present work, measurements are extended to regions of the
diffraction pattern remote from elastic maxima, wﬁere the plasmon loss
maxima are found to be more distinct.‘ In addition to a broader SCope,.a
clearer view of the diffraction phenomena is obtained: Tungsten (110) was
chosen as the surface for investigation because it has been extensively
studied, can be easily cleaned, and because a recent study of the total
scattering3 identifies two pronounced loss maxima from a .surface and a vol-
ume plasmon loss. A relevant optical study on this surface has also been

reported.5

EXPERIMENTAL METHOD
i. Apparatus
A schematic view of the diffractometer is given in Fig. 1. Electrons
thermionically emitted at the tungsten filament 1 ére extracted fgom the
7 . .
.space charge region /.y the electrode 3; focused by the Wehnelt cylinder 2,
and decelerated at the anode 4. Two'pairs of vertical deflectors, 6 and 7,
permit accurate positioning of the beam in the horizontal plane of rotation
of the collector 9, or slightly out of this plane to correct for minor
sample misalignment. The vertical deflection obscures the filament from
the samplevand also provides some monochromatization, giving a résulting
beam energy-width of about 0.5 eV. An additional pair of deflectors 5 péré
.mit horizontal aiming. After traversing a coarse limiting sli£ the beam

strikes the sample surface 8, which ideally contains the collector rotation




axis. Fine collimation is provided by a pair of circular collector aper-
tures iO, vhich select a_1.3° cone of electrons emerging from a limited

area of the sample. The effective incident beam divergence is thereby
.restricted to about 0.5°, depending SOmewhaf on the colleétdr position. A
high-resolution retarding lens immediately preceding the Faraday cylinder
excludes electrons with energies less than a breselected value. The col-
lected electron signal is amplified by a Cary model 36 vibrating-reed
amplifier and, after filtering, is displayed on an XY recorder as é function
of either retarding, or primary beam voltage. 'A synchronized programming

of anode and vertical deflection voltages with collector motion provides
automatic recording of intensity vs. voltage data. The sample azimuth can
either be set or varied continuously for rapid diffraction pattern scanning
at normal incidence by rotating the sampie about its normal, using the
rotating drive 15 coupled through the manipulating rod 14. With the rod
disengaged.by means of the sliding drive 16, éhe saﬁple can be rotated
about the vertical axis to select the desired angle of incidence. For
direct observ;tiqn of the incident beam, or for samélg glean;ng, thg-sample
may be withdrawn to the position 11. Electron-bombardment heatingipn the
reverse side of the samplé wvafer is provided by the gun 13, while a gas
stream can be directed onto the front sufface through the nozzle 12, Ail j
drives are magnetically coupled through the vacuum envelope with well con- 1
centrated fields, permitting angular settings accurate to 0.2°, All drive
magnets are either field-compensated or can be operated intermittently tb
eliminate magnetic field distortions. All parts excébt the electromagnets
ar; of'nonferromagnctic materials, principally stainless steel. A freon-

cooled Orb-Ion pump and baffle provide a field-free working vacuum in the




low 10"10 torr range after system bakeout. With the aid of Helmholtz
coils the residual magnetic field in the diffraction region is maintained

at less than 20 milligauss.

2. Sample
The sample is a 3/8" diameter by .020" thick wafer, which has been
spark-cut from 110 oriented, single floating-zone refined, tungsten single
crystal obtained from Aremco. The surface for study was mechanically
ground to‘within 0.05 degrees of the (110) planes with the aid of a Siemens

x-ray diffractometer and a specially constructed jig; This was followed by

mechanical polishing and electropolishing to a mirror finish. Final clean-

ing was performed in ultrahigh vacuum by intense heating, followed by oxi—
dation and desorption in the usual mannerz’3 until the cleaﬁ tungsten
diffraction pattern was observed. As an additional check on cleanliness
the secondary electron spectrum was examined for Auger peéks from possible
cont:aminanrxt:s,'3 and none were detected. ngever, the sensitivity was con-

siderably limited by the small collector acceptance angle.

DIéCUSSION AND RESULTS
1. flementary models
A model first proposed by Davisson and Germer6 for inelastic scatter-

ing accompanied by diffraction is illustrated for the case of normal inci-
dence in Fig. 2. The incident beam K is first diffracted into &' and 1is
then scattered into a cone of inelastic loss beams such as K" surrounding
the diffracted elastic beam. Since the primary beam energy governé the
Aiffraétion in this model, this type of double process wili be desigﬁated
as 1. Note that the loss béam maxima coincide with those of the diffracted

elastic beam, i.e. when %‘ terminates on a reciprocal lattice point P,




A second type of model, which was first proposed by Tutnbull and
Farnsworth, is shown for normal incidence in Fig. 3. Here the incident
beam & is first inelastically scattered into a cone about the forward
direction, Certain component beams in tﬂis inelastic cone, such as ﬁ;'
and %2', are then selectively diffracted into respective beams such as 51?
and §2", which form a corresponding emergent cone (not shown). Since dif-
fraction is governed by the energy of the inelastic beams (secondary
energy), this type of double process will be designated as II. Because of

-the difference in length of primary and secondaty wave vectors the emergent
loss beams do not generally apﬁro;imafe the direétiog of'the diffracted
elastic beam unless the energy loss is small. However, they do coincide
with the position the elastic beam would have at the corresponding primary
energy and angle of incidence. If the forward scattering cone is strongly
concentrated about 51' one migﬂt expect diffraction by the reciprocal lat-

. tice rod, as illustrated by 51”, in analogy with elastic diffraction. How-
ever, if the cone is broad bne might expect a typg;of diffraction nore

closely resembling Kiluchi line phenomena. The beam.ng, for example, which
satisfies the condition for Bragg reflection, can give rise to the component
§2" of a Kikuchi excess line associated with the inelastic scattering.

Although both models can easily include dynamical effects in the dif-

fraction stage of the double process; the assumed independence of‘the dif-

fraction and inelastic scattering is basically a kinematic concept. In

spite of this artifical aspect, the models offer a convenient basis for

discussion of present results.

.

An impoftant difference between I and 1I lies in the fact that in II

the diffraction is dispersive in the inelastic scattering whereas in I it



is not. Thus features of the inelastic scattering corresponding to dif-
ferent energy losses, which appear at essentially the same diffraction
positions in I, may appeaf in quite different positions in II. Thebdisper—
sion associated with the inelastic scattering event.must, of course, be .
ﬁresént in both I and II, but this may be comparatively small. Also, II
requires coherence of the inelastically scattered electrons so that a

smaller incoherent background would be expected to accompany I1I.

2, Observations
When the collector is near an elastic beam, retarding-field scans of
the electron energy distribution éenerally show, in égreément with previous
observers, a strong inelastic background scattering which increases with
decreasing energy loss. Some evidence of discrete~loss scattering was
observed but these features are usualiy broad and largely obscured by the
background. An increase of baékground intensity with increasing elastic
_ intensity as predicted by I was also observgd. However, in some situations
a dispersive redistribution of background energy with varying collector
_angle was seen, indicating II. In g@dition to tﬂis mixﬁure_of_dpublekprO* .
cesses near the elastic beam, two experimental compl?cations were generally
associated with the large elastic cqﬁponént. One of these was a slight .
reduction in collector resolution, probably due to space charge distortion
of the retarding field by the relatively 1argé accumulation of retarded
electrons. A more serious problem of apparently similar origin was an
Instability in the collected current, which made inelastic measurements

"difficult within 2° of the elastic beam.

Figure 4 shows the results of a sequence of retarding-field scans made

at a fixed collector position in the Ol azimuth and away from the 02 elastic



beam. Each of the heavy’solid curves represents an electron energy distri-
bution, where 2 localized rise in collector current corresponds to a peak
in the energy spectrum. The sharp risé at zero loss results from elastic
‘and thermal scattering, while the ﬁore gradual rise-which shifts (dashed
line) as tﬁe primary energy is changed is associated with inelastic scat;
tering. If one compares the relative heights .of the inela;tic rise with
the aid of the tangent lines, a maximum is observed at a primary energy of
about 54 eV and a corresponding energy loss of 10.5 eV measured from the
midpoint of the elastic rise. Scans at higher primary energies with the
same collector setting reveal an additional loss maximum at an energy loss
of 22 eV. These values are somewhat lower than the 12.5 and 23.5 eV energy
loss values reported for surface and yblume loss maxima, respectively, in
the total scattering.3 The different average plasmon dispersion resulting
from the larger angular distribution in the total scattering measurements
could account, for these'differences.7 The optical data on‘tungstenslis
questionable regarding sample contamination éﬁd, fﬁrthermore, shows a large
unexplained disqygpancy with electron loss measureménts ponpgrning.the vo;7
ume loss. For these reasons the interpretation of the 10§ses given in the
total écattering study3 is adoéted here. .

The observed shift of the inelastic rise in Fig. 4 over the 8 eV range
of primary energies shown amounts to 6.5 eV, as compared to an 8 eV maximum
shift from diffractive dispersion predicted by model II under the folléwing
conditions: (1) infinitely narrow scattering cone, and (2) infinite éngular
resolution, including zero collector acceptance angle and zero thickness of

the reciprocal lattice rod. Departure from these ideal conditions could



easily explain the smaller observed shift., The dispersion contribution
from scattering by the surface plasmon, which should contribute to the
curvature of the dashed line of Fig. &4, is evidently too small to be de-
‘tected here. ' L ' .

A search for loss maximg was made in two azimuths of the diffractioﬁ
pattern at normal incidence. Either the primary energy or the collector
position was held fixed and the other varied for each scan-sequence.
Results for the 11 azimuth are summarized in Fig. 5, where observed maxima
are compared in terms of colatitude angle and secondgry energy, i.e. pri-
mary energy minus energy loss. Surface.and volume loss maximé largely
COincide on this plot in agreement with model II and, except for some iso;
lated maxima, form two inelastic 11 beams running parallel to the 11 elas-
tic beam. However, the inelastic beams show a definite shifg to higher
-energy and/or angle relative to the normally incident elastic beaﬁ, which
is in disagreement with II if the scattering is symmetrical in the forward
direction. Although.the overall sgattering contributing t§ all ineléstic
beams must show this symmetry at normal incidence, an asymmetric scattering,
if compensated,.;an be assoéiated with a particular beé@. .fﬂis, ﬁowever,
implies coupling between the two elements of the doublé‘érocéss. Coupling
between diffraction and inelastic scattering is regarded.as the ﬁos£ ﬁlau—
sible explanation of the shift. An explanation on the basis of differént
effective inner potentials for the diffraction of elastic vs. inelastic
electrons can be ruled out, as will be shown.

Little evidence is found of beams associated with inelastic Kikuchi

lines, which might be expected with a wide scattering cone. 1In terms of

Fig. 5 these beams should lie along the paths followed by elastic beam



maxima as the angle of ingidence is varied, Such a path with a possibly
associated beam is indicated by the dashed line in the figure.. Figure 6
shows loss beam positions observed in the 01l azimuth relative to the 02
élastic-beam.' The results are essentially the same as for the 11 azimuth
with even less évidence for inelastic Kikuchi beams.

Measurement of the inelastic scattering cone angle in the plane of a
given azimuth is complicated by the dispersion and by diffracted intensity
variations along the reciprocai lattice rod. However, the scattering cbne
angle normal to the azimuth plane should be directly related to the corres-
ponding céne angle of the observed loss beams. Accbrdingly, retarding
field scan sequences of the 11 and the 02 loss beams were.made across their
respective azimuths, and the angles subtended by their half-maximum inten-
sity cones were determined without correction for instrumental broadening
effects. The 11 loss beams measured at 80 and 70 eV_primary energies,
respectively, both gave a value of roughly 6°, while the corresponding 02
beams measured at 65 and 55 eV, respectively, gave a value of rougﬂiy 8°.

No significant differences were néted between the surface and.volume’ loss
angular di§tributions. A theoretical calculation 9f the_sgattering angular
dependence appropriate to the present experimental conditions is in progress,8
but values are not yet available for comparison. |

By simultaneously varying the primary energy and collector position, it
is possible to track a loss beam in a sequence of retarding-field scans. VThe
§arying intensity of the loss beam in this sequence provides an intensity vs.
voltage curve for this beam. Figure 7 compares the observed peaks in such
curves for the 11 surface and volume loss beams with the 11 elastic curve.

When compared in terms of secondary energy the agreement of peak positions



is good--too good in fact to permit explanation of the anomalous shift in
loss beam positions as an inner-potential effect. TFigure 8 shows similar
results for the 02 beams, again with generally good agreement of peak posi-
fions. Although a few possibly important differéﬁceé ére apparénf, éhe
essentiallsimilarity of the elastic and inelastic data is in support of 1I,
at least as a first approximation.

The similarities apparent in Figs. 7 and 8 suggest that plasmon scat-

tering studies may have an important bearing on the interpretation of elas~

- tic intensity vs. voltage data. This would not be the case if the scatter—

ing were ﬁredominantly by image forces before penétration, as Heidenreich
has proposed for fast electrons,9 since elastic and inelastic intensity vs.
voltage data would then contain basicaliy the same information regarding
diffraction; However, the present evidence for coupling between inelastic
séattering and diffractiqn and minor di%ferences which appear in the last
two figures do:.not favor this iﬁterpretatioh. More deiinitive experiments

with varying surface conditions are needed to explore this interesting

. possibility.

SUMMARY

The double process of electron scattering by plasmons and subsequent
difffaction has been investigated at low energies on a tungsten (110) sur-
face. Two well-defined inelastic beams corresponding to previously observed
plasmon losses, and showing diffractive dispersion, were found to accompany
an elastic beam. The position of the loss beams indicate that an adequate
theory of scattering by plasmo?s must include coupling of the scattering

with diffraction. Intensity vs. voltage characteristics of the loss-beams

10
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were studied and were found to be similar to those of the associated elas--
tic beam when plotted as a function of secondary energy. This 1is expected

on the basis of the double process with dynamical diffraction. Possible
apPlication of the present results include studies of eiéctron—plasmon inter-

action at low energies and additional information on LEED interpretations.
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Fig. 1. Schematic of the diffractometef. The electron
gun is shown rotated 90° relative to the rest of the
apparatus.



TYPE T DOUBLE PROCESS

Fig 2. The model of Davisson and Germer for combined dif-
fraction and inelastic scattering.
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Fig. 3. The model of Turnbull and Farnsworth for ‘combined
diffraction and inelastic scattering.
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